INTRODUCTION
Swine manure may be anaerobically digested to produce methane (biogas), a renewable energy source used for heat and to generate electricity (Hansen et al., 1999; Chae et al., 2008; Massé et al., 2010) . Also, anaerobic digestion of manure reduces odor and environmental pollution from greenhouse gasses (Hansen et al., 1998; Westerman et al., 2008; Holm-Nielsen et al., 2009 ) and reduces pathogenic microorganism concentrations (Mateu et al., 1992; Kearney et al., 1993; Pandey and Soupir, 2011) . The adoption and use of an on-farm anaerobic manure digestion system is based on the environmental benefit and economic ABSTRACT: The experimental objective was to evaluate swine methane digester effluent (SMDE) as a water and nutrient source for swine. The mesophilic methane digester was loaded daily with manure from finishing swine fed a corn-soybean meal diet. Dry diet was mixed with SMDE (3.7% DM) and fed twice daily in troughs. Tap water was provided and consumption measured. Barrows were group fed (3 pigs/pen) and adapted to SMDE by increasing SMDE for 7 d, with the full amount fed from d 8 to the end of the feeding phase (d 21, 14, 23, or 37 for Exp. 1 to 4, respectively). Blood samples were collected on d 0, 10, 21, and 31 to determine plasma concentrations of glucose and plasma urea N (PUN). Barrows were placed in individual metabolism cages for a 5-d acclimation and a 5-d fecal and urine collection to determine apparent N and energy utilization. For Exp. 1, 18 pigs averaging 75 kg BW were allotted to diets with 0, 48.6, or 63.7% SMDE, as-fed basis. For Exp. 2 and 3, 12 pigs/experiment averaged 117 and 70 kg, respectively, and were allotted to diets with 0 or 63.7% SMDE, as-fed basis. At the end of Exp. 2 and 3, pigs were sacrificed and liver samples were collected to determine urea cycle enzyme activity, and loin was saved for taste panel evaluation. For Exp. 4, pigs averaged 40 kg and were allotted to diets with 0 or 57.5% SMDE, as-fed basis. The ADFI, ADG, and G:F of finishing swine (Exp. 1 to 3) were not reduced by feeding diets containing 63.7% SMDE (as-fed basis), whereas ADG and G:F of growing swine (Exp. 4) were reduced (P < 0.01) by feeding a diet containing 57.5% SMDE. Pigs fed diets containing SMDE consumed 31 to 56% less (P < 0.05) water and had greater (P < 0.01) PUN concentrations than pigs fed control diets. Pigs fed diets containing SMDE excreted more (g, P < 0.05) fecal N and absorbed and retained less N (%; P < 0.01) and energy (DE and ME) than pigs fed control diets. Treatment had no effect on urea cycle enzyme activity. In conclusion, finishing swine adapted to diets containing 63.7% SMDE (as-fed basis) based on growth performance, whereas growing swine did not adapt to a diet containing 57.5% SMDE because of the large content of nonprotein N in SMDE. Recycling SMDE to swine greatly reduced fresh water consumption, whereas the protein and energy values of SMDE were approximately 0 for swine. Therefore, SMDE is more appropriately recycled as a source of water and N for ruminant nutrition or crop production. return achieved (Gebrezgabher et al., 2010; Key and Sneeringer, 2011; Kramer and Bilek, 2013) .
Anaerobic digester effluent is usually recycled as a source of water and nutrients for crop production (FEC Services Ltd., 2003; Harrington and Scholz, 2010; Montes et al., 2013) , which enhances water resource sustainability (Anderson et al., 2001; Pinto et al., 2010; Fedler and Duan, 2011) . However, recycling anaerobic digester effluent back to swine as a source of water and nutrients may contribute to the sustainability of swine production globally where water resources and cropland are limited (Laraus, 2004; Tal, 2006; Morand et al., 2011) . Oxidation-pit slurry and fecal waste from finishing swine have been successfully recycled back to finishing swine and gilts as sources of water and nutrients (Harmon et al., 1973; Kornegay et al., 1977; Frank et al., 1980) . Therefore, the objective of these experiments was to evaluate swine methane digester effluent (SMDE) as a source of recycled water and nutrients for growing and finishing swine. Response criteria were diet and water consumption, growth performance, plasma concentrations of urea N and glucose, apparent N balance, energy utilization, urea cycle enzyme activity in liver, and sensory (taste panel) evaluation of cooked pork loin.
MATERIALS AND METHODS
The procedures and the use of animals in this experiment were approved the University of Missouri Animal Care and Use Committee.
Production of Swine Methane Digester Effluent
The SMDE used in these experiments was produced at the University of Missouri in a pilot anaerobic digester that had a capacity of 0.45 m 3 , contained mesophilic methane-producing bacteria, and was operated at a temperature of 35 ± 1°C (Fischer et al., , 1981 . The digester was loaded daily with swine manure from finishing pigs fed a corn-soybean meal (SBM) diet containing 14% CP. The digester loading rate was 4 g of volatile solids/L. The retention time was approximately 15 d with an average daily SMDE production of 12 L. For each experiment, SMDE was collected, mixed, and sampled (100 mL) daily. Samples were frozen (-20°C) in plastic screwcap bottles until analyzed.
For SMDE analysis, the frozen samples were thawed and pooled by week, with 24 pooled samples analyzed (Table 1) . Wet samples were analyzed for total N (method 7.015; AOAC, 1984) . Wet samples (100 mL) of SMDE were lyophilized for 24 h to determine DM content. Then, lyophilized samples were equili- 1 Fresh liquid samples of SMDE were collected daily during each experiment and frozen. Before analysis, the samples were thawed and the samples for each week were pooled. A total of 24 samples were analyzed, which averaged 3.7% DM as determined by lyophilization. For each experiment, samples of SMDE obtained during the week of fecal and urine collections were used to determine N balance and energy utilization.
2 Total N was determined on liquid samples of SMDE as collected (method 7.015; AOAC, 1984) and converted to an air-dry basis in Table  1 . All other analyses of SMDE were conducted on samples adjusted to an air-dry basis. True protein N was calculated by adding all the analyzed AA values (Benson and Patterson, 1971; Spies and Chambers, 1949) and dividing the total by 6.25 (total AA = 19.38% and 19.38%/6.25 = 3.10% N). Nonprotein N was determined by subtracting true protein N from total N. Samples were analyzed for NDF, ADF, and hemicellulose (VanSoest et al., 1991) , minerals (Ca, P, Mg, K Na, Fe, Cu, Mn and Zn; methods 7.096-7.103, 7.125-7.128, 3.013-3.016, 3.045-3.047, and 25.007; AOAC, 1984) and GE (oxygen bomb calorimeter, model 6200; Parr Instrument Co, Moline, IL).
brated for 2 h on the laboratory bench to an air-dry basis to minimize moisture fluctuation (error) in sample weight during analysis. Thus, all remaining analyses were conducted with samples that were on an air-dry basis. For total AA analysis, samples of SMDE were hydrolyzed under N with 6 N HCl for 24 h at 110°C and analyzed for AA by cation-exchange chromatography (Benson and Patterson, 1971) . For Cys and Met analysis, performic acid oxidation preceded hydrolysis. Tryptophan was analyzed by the method of Spies and Chambers (1949) . True protein concentration of SMDE was determined by summing the values (%) of all analyzed AA and dividing by 6.25. Nonprotein N concentration was calculated by subtracting true protein from total N. Samples of SMDE were analyzed for NDF, ADF, and hemicellulose (Van Soest et al., 1991) and for GE with an oxygen bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL). Samples were digested using a wet ash procedure and analyzed for concentrations of Ca, K, Mg, Cu, Fe, Mn, and Zn by atomic absorption spectrophotometry (methods 7.006-7.103, 3.013-3.016, and 25.007; AOAC, 1984 ; model 2380, PerkinElmer Corp., Norwalk, CT), total P by the molybdovanadate colorimetric procedure, and Na by the flame photometric method (methods 7.125-7.128 and 3.045-3.047; AOAC, 1984) . During the anaerobic digestion process, the P in organic matter is released as orthophosphate, which precipitates with the Ca and Mg in SMDE to form 1 or more inorganic mineral compounds (Marti et al., 2008; Karakashev et al., 2008; Jordaan et al., 2010) .
Experiment 1
Animals and Facilities. Eighteen crossbred barrows (Landrace-Yorkshire × Duroc) averaging 75 ± 1 kg and 80 ± 1 d of age were allotted by BW and litter to 3 dietary treatments (Table 2 ). During the 21-d SMDE adaptation and feeding phase, 3 pigs were placed in a pen (1.3 m 2 /pig) in an enclosed building with a concrete slotted floor (12.7-cm slat and 2.54-cm slot), with 2 pens of pigs/treatment. From d 21 to 31, pigs were housed in individual metabolism cages in a metabolism unit. Pig BW was measured on d 0, 7, 14, 21, 26, and 31. Diet and water consumption were recorded daily for each pig. For the 21-d adaptation and feeding phase and the 10-d metabolism phase, heaters and exhaust fans maintained a minimum temperature of 18 ± 1°C.
Dietary Treatments and Feeding Regimen. The 3 dietary treatments contained 0, 48.6, or 63.5% liquid SMDE (3.7% DM) on an as-fed basis, which was 0, 3.5 or 6.5% SMDE expressed on an air-dry basis (Tables  1 and 2 ). Before diet formulation, triplicate samples of corn and SBM were analyzed for N, crude fat, Ca, total P, and AA using the methods described for analysis of SMDE. The corn and SBM samples were also analyzed for DM and crude fiber (methods 7.007 and 7.066-7.070; AOAC, 1984) . For the diets containing SMDE in this experiment (and for Exp. 2 to 4), only N from the AA analysis was used to determine the percentage of true protein in the diets, because nonprotein N has no nutritional value for swine (NRC, 1998 (NRC, , 2012 . Dietary true CP (%) of SMDE was determined by summing the analyzed AA concentrations (% total AA). However, to determine N balance, the total daily dietary N intake was used (N from AA and nonprotein N). Individual corn-SBM basal diets were made for each dietary treatment ( Table 2 ) that contained approximately equal concentrations of CP, Lys, and Trp that were slightly below NRC (2012) requirements, because other experiments found that the treatment responses for apparent N digestibility and biological value were greater for rats and swine when the diets were marginal in protein intake (Forbes et al., 1958; Eggum, 1973) . Dietary values for available P and ME/ kilogram of diet were calculated from NRC (1982) .
The large water and small nutrient content of fresh SMDE (Table 1 ) resulted in small nutrient contributions from SMDE in the dietary treatments that contained SMDE. For example, the dietary treatments with 3.5 or 6.5% SMDE (air-dry basis) contained 0.11 and 0.20% true protein N from SMDE, respectively, which represented 4.5 and 8.1% of the true protein N in those diets (Table 2) . Therefore, the corn, SBM, and AA in the diets with 3.5 or 6.5% SMDE provided 95.5 and 91.9% of the true protein N in those diets, respectively.
The control diet was fed in a self-feeder during the 21-d adaptation and feeding phase for this experiment (and for the adaptation and feeding phases of Exp. 2 to 4). The SMDE treatments were made by mixing liquid SMDE with the appropriate air-dry corn-SBM diet immediately before feeding at a total of 3.0% BW daily (air-dry basis) in 2 feedings (1.5%/feeding) at 0800 and 1700 h in troughs. Pigs fed the diets containing SMDE were adapted to those diets from d 1 to 8. On d 1, SMDE was mixed with the corn-SBM diet to provide 0.44 or 0.81% SMDE (air-dry basis) for pigs fed the diets containing 3.5 or 6.5% SMDE (air-dry basis), respectively. From d 2 to 8, SMDE was increased 0.44 and 0.81% daily (air-dry basis) until the pigs were fed the full amount of 3.5 or 6.5% SMDE, respectively, from d 8 to 21. When feeding the full amount of SMDE, the liquid SMDE:corn-SBM basal diet ratio (wt/wt) for the 3.5 and 6.5% SMDE dietary treatments was 0.95:1 and 1.76:1, respectively, with liquid SMDE making up 48.6 and 63.7% of the total diet (by weight) fed daily. The amount fed was adjusted weekly for each pen of pigs. Diet not consumed by the next feeding was collected and dried, and the air-dry weight was subtracted from daily intake. Each pen had a nozzle drinker, and the ad libitum water intake/pen of pigs was recorded daily.
Plasma Concentrations of Glucose and Urea N. Blood samples (10 mL) were collected from the anterior vena cava of each pig after a 3-h fast (1130 h) on experimental d 0, 21, and 31. Five milliliters of blood was placed in a tube that contained 160 units of heparin and 20 mg of NaF (Sigma-Aldrich, St. Louis, MO) for plasma glucose analysis by the o-Toluidine method (Sigma, 1980a) , and 5 mL of blood was placed in a tube that contained 160 units of heparin for plasma urea N (PUN) analysis by the diacetyl monoxime method (Sigma, 1980b) . At collection, blood tubes were kept in an ice bath until the tubes were centrifuged (2,000 × g for 10 min at 5°C). Plasma was decanted into screw-caped vials and stored at -20°C before analysis. Before PUN analysis, thawed plasma samples were deproteinized with 10% (wt/vol) trichloroacetic acid.
Apparent N Balance and Energy Utilization. On d 22, the pigs were placed in individual stainless-steel metabolism cages (1.3 m 2 floor space). Each cage had a stainless-steel nozzle drinker, feeder, slotted floor, fecal collection screen, and urine collection pan to funnel the urine into a plastic jug. Pigs were adapted to the metabolism cages from d 22 to 26, with the experimental diets fed twice daily at 0800 and 1700 h. From d 27 to 31, total daily diet was fed at 3.0% of BW (air-dry basis) to all treatments, with intake adjusted 1 SMDE = swine methane digester effluent; expressed on an air-dry basis (91% DM) in Table 2 .
2 Dicalcium phosphate is 22% Ca and 18.5% P, and ground limestone is 39.0% Ca.
3 Mineral premix provided per kilogram of diet: 1.70 g of Na and 2.62 g of Cl from NaCl, 100 mg of Fe from FeSO 4 , 100 mg of Zn from ZnSO 4 , 50 mg of Mn from MnSO 4 , 5 mg of Cu from CuSO 4 , 1 mg of I from Ca(IO 3 ) 2 , and 0.2 mg of Se from Na 2 SeO 3 . 4 Vitamin premix provided per kilogram of diet: 5,500 IU of vitamin A acetate, 550 IU of vitamin D 3 , 22 IU of vitamin E from DL-α-tocopheryl acetate, 2.2 mg of vitamin K from menadione sodium dimethylprimidinol bisulfite, 662 mg of choline from choline chloride, 33 mg of niacin, 27.5 mg of pantothenic acid from D-calcium pantothenate, 5.5 mg of riboflavin, 2.2 mg of pyridoxine from pyridoxine·HCl, 2.2 mg of thiamine from thiamine·HCl, 1.1 mg of folic acid, 0.55 mg of D·biotin, 33 μg of vitamin B 12 , and 55 mg of ethoxyquin as a preservative.
5 Analyzed values for DM, crude fat, crude fiber, CP, Ca, and total P (methods 7. 007, 7.062, 7.066-7.070, 7.015, 7.102-7.103, and 7.125-7.128, respectively; AOAC, 1984) and for AA (Spies and Chambers, 1949; Benson and Patterson, 1971) . Calculated values were used for available P and ME (NRC, 1982) . 6 True protein (%) was calculated by adding all the analyzed AA values and dividing the total by 6.25. Nonprotein N was determined by subtracting true protein N from total N.
for individual pigs based on consumption. Water was mixed with the control diet in a 1:1 ratio to reduce diet wastage. From d 27 to 31, total fecal and total urine collections were made at 0900 and 1800 h daily from individual pigs. Feces were collected in plastic bags. Urine volume was recorded and 10.0% was saved in plastic screw-cap bottles. Immediately after each collection the cage floor, fecal collection screen, urine collection pan, and urine collection jug were washed, and 50 mL of 5 N HCl and 50 mL of toluene were added to each urine jug to minimize N loss. Fecal and urine samples were frozen (-20°C) until analyzed for apparent N balance and energy utilization. Also, any diet not consumed daily was collected in plastic bags and frozen. At the conclusion of the experiment, fecal samples of individual pigs for the 5-d collection were thawed, dried at 50°C in a forced-air oven, combined, and ground (Wiley Mill; Arthur H. Thomas, Philadelphia, PA) to pass through a 2-mm screen. Diet not consumed was processed as described for feces and subtracted from diet intake. Urine samples of individual pigs for the 5-d collection were thawed, combined, and mixed, and a liquid sample was analyzed for N. To determine the GE value for urine, a 50.0-mL sample of urine was mixed with 2.0 g of finely ground cellulose. The mixture was freeze-dried, reground with a mortar and pestle, and analyzed for GE. The GE value for urine was determined by subtracting the GE value for cellulose from the total GE value.
Experiments 2 and 3
Animals, Facilities, Dietary Treatments, and Plasma Concentrations of Glucose and Urea N. For each experiment, 12 crossbred barrows were allotted by BW and litter to 2 dietary treatments that contained 0 or 63.7% SMDE on an as-fed basis, which was 0 or 6.5% SMDE on an air-dry basis (Table 2) . Each treatment had 2 pens of pigs with 3 pigs/pen. In Exp. 2, heavy finishing pigs that averaged 117 ± 1 kg BW and 123 ± 1 d of age were used. In Exp. 3, light finishing pigs that averaged 70 ± 0.5 kg and 75 ± 0.5 d of age were used. For both experiments, the pig genetics and facilities, diet formulation and analysis, feeding management, and metabolism study were as described for Exp. 1. Stabilized lard was added to the diet containing SMDE to increase diet ME/kilogram to equal that of the control diet on a calculated basis (NRC, 1982;  Table 2 ). To make the diet containing SMDE, liquid SMDE (3.7% DM) was mixed with the corn-SBM diet immediately before the daily feedings at 0800 and 1700 h. Pigs were adapted to SMDE from d 1 to 8 by increasing the SMDE fed by 0.81% (air-dry basis)/d until the full amount of 6.5% SMDE (air-dry basis) was fed on d Liver Measurements and Urea Cycle Enzyme Activity, and Sensory Evaluation of Longissimus Dorsi. After a 12-h fast, the pigs from Exp. 2 and 3 were slaughtered (stunned and exsanguinated) on d 25 and 34, respectively, at the University of Missouri abattoir (Columbia, MO) using humane slaughter procedures. The liver was immediately removed and weighed. Liver tissue samples (20 g/sample) were taken within 15 min of stunning, 2 samples from the left lateral lobe and 2 samples from the medial lobe. Liver samples were immediately frozen in liquid N and stored at -60°C until analyzed for protein and urea cycle enzyme activity. Liver protein concentration was determined on thawed samples (Lowry et al., 1951) using bovine serum as the standard (Sigma Chemical Co., St. Louis, MO). To determine urea cycle enzyme activity, subsamples of frozen liver (2 g) were ground by mortar and pestle under liquid N. The ground liver powder (250 mg) was weighed and homogenized in 4.75 mL of chilled (4°C) deionized water using a glass motor-driven PotterElvehjem homogenizer (Sigma-Aldrich, St. Louis, MO) making 20 passes at 400 rpm. Enzyme activity was determined for carbamoyl phosphate synthetase-I (CPS-I; Enzyme Commission number [EC] 6.3.4.16), ornithine carbamoyltransferase (OTC; EC 2.1.3.3), argininosuccinate synthetase (ASS; EC 6.3.4.5), argininosuccinate lyase (ASL; EC 4.3.2.1), and arginase (EC 3.5.3.1) using the method of Schimke (1962) as modified by Nuzum and Snodgrass (1976) . One unit of enzyme specific activity is expressed as the amount of enzyme catalyzing the formation of 1 μmol of urea or citrulline/h per mg of liver protein measured calorimetrically at 37°C. At slaughter, the right loin muscle (longissimus dorsi) was removed from each pig for sensory (taste panel) evaluation. The loin was washed and chilled at 4°C for 24 h. A roast from the lumbar end (20-cm section) was cooked in a preheated (177°C) convection oven to an internal temperature of 71°C. The cooked loins were sliced (2-cm slices), and cubes were prepared on a plexiglass template for sensory (taste) analysis (Heymann et al., 1990; Boles et al., 1991) . Unidentified samples (20 g) of cooked loin were served to 8 trained panelists (4 men and 4 women) in the Department of Food Science Sensory Laboratory (University of Missouri, Columbia). The samples were individually rated for juiciness, tenderness, flavor, and overall acceptability using an 8-point scale, with 8 the most desirable and 1 the least desirable.
Experiment 4
Animals, Facilities, Dietary Treatments, and Plasma Concentrations of Glucose and Urea N. Twelve crossbred barrows averaging 40 ± 0.5 kg and 47 ± 0.5 d of age were allotted by BW and litter to 2 dietary treatments that contained 0 or 57.5% SMDE on an as-fed basis, which was 0 or 5.0% SMDE on an air-dry basis ( Table 2 ). The pig genetics and facilities, diet formulation and analysis, feeding management, and metabolism study were as described for Exp. 1. Results from Exp. 1 to 3 found that the ME value of SMDE was approximately 0. Therefore, fat was added to the diet containing SMDE to increase ME/kilogram to equal that of the control diet on a calculated basis (NRC, 1982) . Pigs fed the diet containing SMDE were adapted to liquid SMDE by increasing the amount of SMDE fed by 0.625% (air-dry basis) daily from d 1 to 8, with the full amount of 5.0% SMDE fed from d 8 to 37 of the feeding phase. Liquid SMDE was mixed with the corn-SBM diet (Table 2 ) in a ratio of 1.35:1, respectively, immediately before feeding at 3.0% of BW daily (air-dry basis), divided into 2 equal meals fed at 0800 and 1700 h. Diet and water consumption were measured daily. Blood samples were collected on d 0, 10, 21, and 31 at 1130 h after a 3-h fast, and plasma was harvested for glucose and PUN analysis as described for Exp. 1. Pig BW was measured on d 0, 7, 14, 21, 28, 37, and 47.
Apparent N and Energy Utilization. On d 37, the pigs were placed in individual metabolism cages and adapted to the metabolism cages from d 37 to 42. Total diet was fed at 3.0% of BW daily (air-dry basis) and divided into 2 equal meals fed at 0800 and 1700 h. From d 42 to 47, total fecal and urine collections were made, sampled, stored, and analyzed for N and energy as described for Exp. 1.
Statistical Analysis
Data for each experiment were analyzed by ANOVA as a completely random design (Snedecor and Cochran, 1989 ) using the Mixed model procedure (SAS Inst. Inc., Cary, NC). Pens of pigs were the experimental units for growth performance during the SMDE adaptation and feeding phase. Individual pigs were the experimental units for plasma concentrations of urea N and glucose, urea cycle enzyme activity in liver, N balance and energy utilization, and sensory (taste panel) evaluation. Sensory evaluation data from Exp. 2 and 3 were tested for compatibility and combined for statistical analysis. Treatment means for Exp. 1 were separated with the F-protected LSD test. Significance in all experiments was P ≤ 0.05.
RESULTS

Experiment 1
Growth Performance and Plasma Concentrations of Urea N and Glucose. For the 21-d SMDE adaptation and feeding phase, there were no treatment differences in ADFI, ADG, or G:F (Table 3) . However, pigs fed the diet containing 63.7% SMDE (as-fed basis) consumed less (P < 0.05) water/day than pigs fed the control diet, with pigs fed the diet containing 48.6% SMDE intermediate in water consumption. Pigs fed the diets containing 48.6 or 63.7% SMDE had greater (P < 0.01) PUN concentrations on d 10, 21, and 31 than pigs fed the control diet. There were no SMDE treatment effects for plasma glucose concentration on d 0, 10, 21, or 31 (data not provided), with an overall experiment mean for glucose of 80.2 ± 2.5 mg/dL. Apparent N Balance and Energy Utilization. For N balance, pigs fed the diets containing 48.6 or 63.7% SMDE excreted more fecal N (g/d; P < 0.01) than pigs fed the control diet (Table 4 ). The percentages of N absorbed/N intake and N retained/N intake were also less (P < 0.01) for pigs fed the diets containing SMDE than for pigs fed the control diet, whereas there was no treatment effect on biological value (N retained/N absorbed × 100). For energy utilization, pigs fed the diets containing SMDE excreted more fecal energy (Mcal/d; P < 0.05) and had smaller percentages of DE and ME (P < 0.01) than pigs fed the control diet.
Experiments 2 and 3
Growth Performance and Plasma Concentrations of Urea N and Glucose. There was no treatment effect on growth performance (Table 3) during the 14-and 23-d SMDE adaptation and feeding phases for Exp. 2 and 3, respectively. For both experiments, pigs fed the diet containing 63.7% SMDE (as-fed basis) consumed less (P < 0.01) water/day and had greater (P < 0.01) plasma concentrations of PUN on d 10 and 21 (and d 31 for Exp. 3) than pigs fed the control diet. There was no treatment effect on plasma glucose concentration on d 0, 10, or 21, with overall glucose means for Exp. 2 and 3 of 77.8 ± 3.0 and 81 ± 2.7 mg/dL, respectively.
Apparent N Balance and Energy Utilization. For N balance (Table 4) , pigs fed the diet containing SMDE in Exp. 2 and 3 consumed more N (g/d; P < 0.05), excreted more fecal N (g/d; P < 0.01), and absorbed less N as a percentage of N intake (P < 0.01) than pigs fed the control diet. Also, the pigs in Exp. 3 retained less N (P < 0.01) as percentages of N absorption (% biological value) or N intake (% net N utilization). For energy utilization, pigs fed the diet containing 63.7% SMDE in both experiments had smaller (P < 0.01) percentages of DE and ME than pigs fed the control diet.
Liver Measurements and Urea Cycle Enzyme Activity, and Sensory Evaluation of Longissimus Dorsi. For Exp. 2, there was no treatment effect on liver weight or liver protein content (data not provided), with overall experiment means of 1,980 ± 154 g for liver weight and 84 ± 6 mg of protein/g of fresh liver. However, for Exp. 3, pigs fed the diet containing SMDE had a greater (P < 0.01) liver weight than pigs fed the control diet (1,731 versus 1,425 ± 75 g, respectively), whereas there was no treatment effect on the protein content of fresh liver (overall mean of 96 ± 9 mg of protein/g of fresh liver).
There were no treatment differences for urea cycle enzyme activity in liver for Exp. 2 or 3 (data not provided). The overall ex- Table 3 Within an experiment and row, means lacking a common superscript letter differ (P ≤ 0.05).
c,d
Within an experiment and row, means lacking a common superscript letter differ (P < 0.01).
1
Diets that contained 48.6, 63.7, or 57.5% SMDE on a liquid as-fed (3.7% DM) basis contained 3.5, 6.5, and 5.0% SMDE on an air-dry (91% DM) basis, respectively. Treatments for all experiments had 2 pens of pigs with 3 pigs/pen for the SMDE adaptation and feeding phase. Experimental units were pens of pigs for water intake and growth performance and individual pigs for plasma urea N concentration.
2
Pigs fed diets containing SMDE were adapted to SMDE from d 1 to 8 in Exp. 1 to 4. For Exp. 1, liquid SMDE was mixed with the corn-soybean meal diets on d 1 to provide 0.44 or 0.81% SMDE (air-dry basis) for the 3.5 or 6.5% SMDE treatments, respectively. From d 2 to 8, SMDE was increased 0.44 and 0.81% (air-dry basis) daily until the full amount of 3.5 or 6.5% SMDE, respectively, was fed from d 8 to 21. For Exp. 2 and 3, pigs were adapted to the 6.5% SMDE (air-dry basis) treatment from d 1 to 8 as described for the 6.5% SMDE treatment in Exp. 1. The full amount of 6.5% SMDE was fed from d 8 to 14 in Exp. 2 and from d 8 to 23 in Exp. 3. For Exp. 4, liquid SMDE was mixed with the corn-soybean meal diet on d 1 to provide 0.625% SMDE (air-dry basis). The SMDE was increased 0.625% daily from d 2 to 8 with the full amount of 5.0% SMDE (air-dry basis) fed from d 8 to 37.
perimental enzyme activity means expressed as micromoles/hour per milligram of liver protein for CPS-I, OTC, ASS, ASL, and arginase for Exp. 2 were 4.7 ± 0.4, 108 ± 7, 1.0 ± 0.3, 2.3 ± 0.2, and 562 ± 59, respectively, and for Exp. 3 were 4.8 ± 0.6, 97 ± 9, 0.6 ± 0.1, 2.8 ± 0.3, and 603 ± 70, respectively. Also, there were no treatment differences in the sensory evaluation criteria for cooked loin. Overall means for the combined data from Exp. 2 and 3 for juiciness, tenderness, flavor, and overall acceptability were 5.4 ± 0.2, 5.7 ± 0.2, 6.2 ± 0.1, and 5.9 ± 0.1, respectively.
Experiment 4
Growth Performance and Plasma Concentrations of Urea N and Glucose. For the 23-d SMDE adaptation and feeding phase, pigs fed the diet containing 57.5% SMDE (as-fed basis) had smaller (P < 0.01) ADG and G:F and consumed less water/day than pigs fed the control diet (Table 3) . Pigs fed the diet containing SMDE also had greater (P < 0.01) plasma concentrations of urea N on d 10, 21, and 31. There was no treatment effect on plasma glucose concentration (data not provided), with an overall experimental glucose mean of 82.6 ± 2.9 mg/dL.
Apparent N Balance and Energy Utilization. Pigs fed the diet containing SMDE consumed less (P < 0.05) diet daily, absorbed less N (g/d), excreted more fecal N (g/d; P < 0.01), and had a smaller percentage of N absorbed/N intake than pigs fed the control diet (Table 4 ). For energy utilization, pigs fed the diet containing SMDE excreted more fecal energy (Mcal/d; P < 0.01), absorbed and retained less energy (Mcal/d; P < 0.01), and had smaller percentages of DE and ME than pigs fed the control diet. Within an experiment and row, means lacking a common superscript letter differ (P ≤ 0.05).
1
Diets that contained 48.6, 63.7, or 57.5% SMDE on a liquid as-fed (3.7% DM) basis contained 3.5, 6.5, and 5.0% SMDE on an air-dry (91% DM) basis, respectively. After the SMDE adaptation and feeding phase, pigs were placed in individual metabolism crates for a 5-d adaptation followed by a 5-d fecal and urine collection. There were 6 barrows/treatment for all experiment, with individual pigs as the experimental units.
2
Total daily diet was fed at 3.0% of BW.
DISCUSSION
Results from the current experiments found that finishing (70 to 75 kg BW) and heavy finishing barrows (117 kg BW) were able to adapt to the diets containing 48.6 or 63.7% SMDE on an as-fed basis (3.5 or 6.5% SMDE on an air-dry basis), with growth performance that was not different from pigs fed the control diets. However, younger growing barrows (40 kg BW) were not able to adapt to the diet containing 57.5% SMDE on an as-fed basis (5.0% SMDE on an air-dry basis), with reduced growth performance compared with pigs fed the control diet. Results from a different experiment also found that young growing swine (18.5 kg BW) fed diets that contained 10 or 20% SMDE had reduced growth performance, whereas pigs fed the diet that contained only 5% SMDE had increased growth performance compared with pigs fed the control diet (Ravindran et al., 1984) . Conversely, experiments with broiler chicks found that additions of SMDE from 5 to 20% of the diet increased ADFI and ADG compared with chicks fed the control diet (Ravindran et al., 1984) .
In a different experiment, finishing swine fed a basal diet mixed with oxidation ditch mixed liquor (ODML; aerobically digested liquid swine waste) in a ratio of 1.0:2.2, respectively, had greater ADG and G:F than finishing swine fed the basal diet mixed with fresh water (Harmon et al., 1973) . However, in another experiment, the growth performance of finishing swine was reduced when ODML was the only source of drinking water compared with finishing swine given fresh water, which was attributed to the high nitrate content in ODML (Frank et al., 1980) . Also, fresh or dried feces from finishing swine that were substituted at 21 or 37% (DM basis) for the basal corn-SBM diet had less nutritional value for gilts than the basal diet (Kornegay et al., 1977) .
The major negative factor in recycling SMDE as a water and nutrient source for swine is the large concentration of nonprotein N in SMDE Hansen et al., 1998; Chae et al., 2008) . In aqueous SMDE, free ammonia and ammonium ions are in equilibrium (NH 3 + H + = NH 4 + ), which is a function of pH, temperature, and the ionic strength of the solution (Thurston et al., 1979; Johansson and Wedborg, 1980; Davis and Wu, 1998) . Also, the nonprotein N produced in the digester effluent during the anaerobic digestion of swine manure may become toxic to the methaneproducing bacteria in the digester Chen et al., 2008; Molinuevo-Salces et al., 2013) .
The results of the current experiments found that the nonprotein N in SMDE was excreted primarily in the feces (minor increases in urinary excretion) and had no nutritional value for growing or finishing swine, which concurs with the NRC for swine (NRC, 1998 (NRC, , 2012 ). In the current experiments, this was indicated by the smaller percentages of N digested and the smaller percentages of energy utilization (DE and ME) by pigs fed the diets containing SMDE compared with pigs fed the control diets. Conversely, the grams of N absorbed/day were not different for pigs fed the diets containing SMDE or the control diet in the 3 experiments with finishing pigs, and the grams of N retained/day were not different for the treatments in all 4 experiments, because the diets (within experiments) contained the same percentage of true protein N (Table 2) . Also, the PUN concentrations were greater for pigs fed the diets containing SMDE, which was the result of the nonprotein N from SMDE in those diets (Eggum, 1970; Brown and Cline, 1974; Kohn et al., 2005) . The PUN concentrations of the growing and finishing swine in the current experiments are within the range of the PUN concentrations for young swine fed diets that differed in protein quality (Edmonds and Baker, 1987; Watkins and Veum, 2010) .
The small intestine is the first organ of defense in protecting against ammonia toxicity caused by excessive nonprotein N in the diet or by ammonia produced in the small intestine by degradation of glutamine to produce energy for enterocytes in growing swine (Wu, 1995; Davis and Wu, 1998; Bush et al., 2002) . Thus, the small intestine enterocytes in swine have an important metabolic role in urea cycle function, even though the rate and total capacity for urea synthesis for small intestine is markedly less than for liver (Edmonds and Baker, 1987; Davis and Wu, 1998) . The urea cycle enzyme activities in liver (μmol/h per mg of protein at 37°C) for finishing swine in the current experiment were greater than the enzyme activities reported for young swine in other experiments (Davis and Wu, 1998; Bush et al., 2002) .
The nonprotein N in anaerobic digester effluent is usually recycled as a liquid fertilizer for various applications that include agricultural crop production (Chae et al., 2008; Gebrezgabher et al., 2010; Kramer and Bilek, 2013) , pasture irrigation (Yang and Gan, 1998) , greenhouse tomato production (Cheng et al., 2004) , and aquatic plant biomass production (Fedler, 2003; Fedler and Duan, 2011) . However, digester effluent may be recycled back to ruminants as a source of water and N because the bacteria and protozoa in the rumen convert large amounts of nonprotein N to complete protein (Huntington and Archibeque, 2000; NRC, 2000) , which is digested and absorbed later in the small intestine (Smith and Calvert, 1976; Reynolds and Kristensen, 2008) . A research review found that recycling animal excreta back to ruminants as a protein source had a greater economic value than recycling excreta as a fertilizer for crop production (Smith and Wheeler, 1979) .
Another negative factor of recycling SMDE as a nutrient source for swine is that the energy (ME) value of SMDE is depleted during the hydrolysis and metabolism of the manure organic matter to methane and carbon dioxide by the anaerobic bacteria during digestion FEC Services Ltd., 2003; Murto et al., 2004) . The results of the current experiments found that the ME value of SMDE was approximately 0 for swine, which concurs with the results of a cattle feedlot experiment where anaerobically digested cattle manure added to diets for fattening cattle had an energy value of 0 for maintenance or gain (North and Garrett, 1986 ).
In the current experiment, feeding liquid SMDE with the basal diet markedly reduced the amount of fresh water consumed by pigs fed the diets containing SMDE compared with pigs fed the control diets. For pigs fed the diets that contained 48.6, 57.5, or 63.7% SMDE on an as-fed basis (3.5, 5.0, or 6.5% on an airdry basis), fresh water consumption was reduced 31, 48, and 57%, respectively. Also, an experiment with egg-laying hens found that SMDE could replace 100% of the fresh drinking water for laying hens and successfully maintain egg production equal to that of the egg production by control hens (Lyons et al., 1982) . Therefore, SMDE may serve as a valuable partial replacement of fresh water for finishing swine in regions of the world where the freshwater resources are not adequate for both human needs and animal production (Anderson et al., 2001; Tal, 2006; 2030 Water Resources Group, 2009 . With a growing world population and an expanding global agricultural economy, sustainable agricultural practices that reduce fresh water use are needed to avert future water shortages (Tilman et al., 2002; Halim, 2010; OECD, 2010) . Also, the concentrations of most viral and bacterial disease organisms are markedly reduced in the effluent produced during the anaerobic digestion of manure from swine (Mateu et al., 1992; FEC Services Ltd., 2003; Holm-Nielsen et al., 2009 ) and cattle (Kearney et al.,1993; Pandey and Soupir, 2011 ) compared with raw manure from both species. Therefore, the anaerobic digestion of manure greatly reduces the spread of disease organisms when the effluent is recycled as a source of water and nutrients for farm animals or as a fertilizer for crop production.
Furthermore, feeding SMDE to growing and finishing swine in the current experiment did not negatively affect the eating quality (juiciness, tenderness, and flavor) or overall acceptability of cooked longissimus dorsi compared with cooked pork loin from swine fed the control diet. A different experiment also found that feeding dried swine waste to finishing swine did not have a negative effect on the flavor of pork loin roast compared with pork loin roast from swine fed the control diet (Orr et al., 1971) .
In conclusion, finishing swine were able to adapt to diets that contained 63.7% liquid SMDE (as-fed basis) based on growth performance, whereas growing swine were not able to adapt to a diet that contained 57.5% liquid SMDE because of the large concentration of nonprotein N in SMDE. Recycling SMDE to finishing swine markedly reduced fresh water consumption, whereas the protein and energy values of SMDE for swine were approximately 0. Therefore, in agricultural regions where fresh water resources are adequate for swine production, SMDE is more appropriately recycled as a source of water and N for ruminant nutrition or crop production.
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